). These guidelines have been widely disseminated, and are associated with improved health outcomes (Pineda, Leonard. et. al. LN 12:45-52, 2013), yet research on the cost of associated hospital care is limited. The objective of this study was to assess the costs of providing hospital care to sTBI patients through a guideline-based Pediatric Neurocritical Care Program (PNCP) implemented at St. Louis Children's Hospital, a pediatric academic medical center in the Midwest United States.
Background
Severe traumatic brain injury (sTBI) is one of the most common causes of death and disability among children [1, 2] . In-hospital treatment for children with sTBI adds significant cost to the healthcare system [3] , and includes intensive care in the Pediatric Intensive Care Unit (PICU) followed by medical care in the hospital ward prior to discharge from the hospital. Intensive care in the PICU focuses on reducing secondary insults that may aggravate the initial injury, including cerebral ischemia (e.g., perfusion deficits associated with dysregulated blood flow, intracranial hypertension or low blood pressure), cerebral hypoxia (e.g., diminished blood oxygen content from respiratory failure or anemia), and increased cerebral oxygen demand associated with seizures or fever [4] . Evidence-based protocols reduce the incidence of these secondary injuries and improve patient outcomes [5] [6] [7] [8] [9] . Although current evidence supports the adoption of Brain Trauma Foundation (BTF) guidelines, the guidelines have not been widely adopted. Providers may object for a variety of reasons including, but not limited to: difficulty in coordinating guideline implementation among subspecialties, differences between administrative and clinician cultures, physician disagreement about credibility of the evidence, and differences in physician judgment about individual patient care [10] [11] [12] [13] [14] .
sTBI guidelines and cost of care
Analyses of issues related to cost and BTF guidelines have generated mixed results. Qualitative work from the Commonwealth Fund suggests that the cost of providing care post-guideline implementation influences successful implementation [11] . One hospital in the Commonwealth Fund's case study experienced a cost increase of 50% after implementing BTF guidelines [11] . The Palmer et al. study, in which the cost of providing care for thirty-seven patients treated before implementation of the BTF guidelines was compared with the cost of the 56 patients treated after implementation, came to a similar conclusion; hospital charges increased by $97,000 after guideline implementation [15] . In contrast, a recent study by Graves et al. [16] examined 235 pediatric sTBI cases across 5 regional trauma centers and found that adherence to the BTF TBI guidelines is not associated with pediatric hospital and intensive care unit (ICU) costs estimated from charges.
Notwithstanding the foundation that the aforementioned studies provide, there are important limitations. First, the focus of most of these studies is the general trauma patient population [7, 8, 10, 11, 15, 17] , hence, the results may not be generalizable to childhood sTBI guideline implementation. Second, these empirical analyses use hospital charges, or cost-to-charge ratio data, as a proxy for cost of care [7, 11, [15] [16] [17] . Charges for similar services vary tremendously across hospitals.
Further, hospitals negotiate discounts with insurers and work off a pre-determined fee schedule for Medicare and Medicaid patients. Therefore, using charge data as a proxy for costs can lead to erroneous analytic results [11, 18] . One of the most commonly used cost-to-charge ratios is from the HCUP dataset [16] . While useful, it oversimplifies cost of care. Each hospital in the HCUP dataset supplies a single ratio to represent the overall operations of the hospital. It is widely understood that some service lines are more profitable than others, and the cost-to-charge ratio does not permit accurate estimates of cost for individual service lines or subsets of the hospital. We sought to address this limitation in our study. In our study, St. Louis Children's Hospital uses a modified version of activity-based costing. The cost of any specifically documented direct supplies and drugs is represented as the actual acquisition cost averaged over the fiscal reporting period. All other direct costs are allocated based on time-studies.
This study aims to examine the actual cost of providing inpatient care to children with sTBI before and after implementation of a Pediatric Neurocritical Care Program (PNCP) that supported care based on the BTF guidelines. The study's objective was driven by the Institute for Healthcare Improvement's Triple Aim -to improve health outcomes and enhance the patient care experience while controlling costs [19, 20] . The setting is St. Louis Children's Hospital (Missouri, USA), a regional university-affiliated hospital with 280 beds and a Level 1 trauma center. The PNCP at St. Louis Children's Hospital is imbedded in the Pediatric Intensive Care Unit and supports multidisciplinary care provided by specialists with board certification in pediatric critical care medicine, neurosurgery, neurology, neuroradiology and general surgery. The program's medical director and a full time clinical nurse coordinator facilitate multidisciplinary implementation of care pathways by facilitating coordinated decision making between services, supporting time-sensitive and goal-directed interventions. Research procedures were approved and exempted from informed consent by the Washington University Institutional Review Board.
An earlier study by Pineda et al. reported decreased mortality and increased probability of favorable disposition at hospital discharge at St. Louis Children's Hospital (SLCH) after implementing an approach to care based on the BTF guidelines [21] . This approach was associated with increased use of medical therapies (i.e., earlier and more intense monitoring and treatment of increased intracranial pressure) included in the BTF guidelines. Details of the PNCP pathway of care for sTBI are detailed elsewhere [21] . Based on work by March [11] , and Palmer et al. [15] , we hypothesized that supporting implementation of the BTF guidelines for pediatric sTBI care would be associated with higher costs of hospital care.
Methods
In this retrospective cohort study, we screened all patients admitted to the PICU at SLCH with sTBI, defined by a Glasgow Coma Scale (GCS) score of 8 or less after resuscitation in the Emergency Department [16, 22] . Due to significant differences in pathophysiology and mortality, patients with GCS score of 3, bilateral fixed and dilated pupils on admission to the Emergency Department, cardiac arrest prior to admission to the pediatric intensive care unit (PICU), abusive head trauma, or gunshot wounds to the head were excluded from the analysis [23, 24] . As the main purpose of the study was to evaluate the impact of the PNCP approach to sTBI care on hospital cost, patients with early death (<48 h) were excluded from the study [16, 21] . After exclusions, we analyzed the cost data for 124 patients admitted to the SLCH PICU between July 15, 1999 and January 15, 2012. Of the 124 patients, SLCH discharged 64 patients before September 17, 2005 and these subjects were included in the pre-PNCP implementation group. SLCH discharged another 60 patients on or after September 17, 2005 and they were included in the post-implementation group.
Medical chart and demographic data were merged with the hospital's cost of care data for the same patient hospitalizations. Inpatient costs were inflation-adjusted to 2012 dollars using the Medical Commodity Consumer Price Index (CPI) and Medical Services CPI [25] . Upon examination of the data, we excluded a total of 7 subjects from the analysis due to either missing data (1 pre, 0 post), total costs more than 3 standard deviations from the mean (0 pre, 1 post (whose total cost exceeded10 standard deviations above the mean)) [26] [27] [28] [29] , or who died within the first 48 h after admission (5 pre, 0 post). The final analytic sample contained 117 pediatric patients (58 pre and 59-post PNCP implementation).
A multilevel regression model adjusted for the effects of patients' demographic and clinical characteristics on total cost, and random effects were incorporated to account for unobserved changes over time (covariates were nested within groupings of years: 1999-2002, 2003-2005, 2006-2008, and 2009-2012 , with a similar number of subjects in each). To meet the assumption of normality, we log-transformed the total cost outcome variable [30] [31] [32] . Demographic and clinical factors included patient sex, race, age at admission (years), mechanism of injury, lengths of stay (LOS) in days in the pediatric intensive care unit (PICU) and the hospital's general ward (floor LOS). We represented the severity of TBI and risk of death for each patient with Glasgow Coma Score (GCS) and Pediatric Risk of Mortality (PRISM III) scores, respectively [5, 33] . The GCS scale ranges from 3 to 15, and a score of 8 or less after resuscitation in the Emergency Department represents sTBI [5] . The PRISM III score is measured in the first 12 h after admission to the PICU and reliably predicts risk of mortality in critically ill children, with higher scores representing higher risk of mortality [33] . We merged clinical data with cost data from the hospital's finance office. To assure patient and facility confidentiality (as approved by the IRB), we converted the cost per patient from actual dollars to the "percent of pre-PNCP patient mean total cost". For example, a patient whose total cost was exactly equal to the mean of pre-PNCP patients' costs is coded as 100.0 [25] . A cost code of 105 signifies that a patient had total costs 5% higher than pre-PNCP average costs. We also analyzed subcategories of cost relevant to TBI care in the PICU for which financial data was available.
Descriptive analysis was performed for the pre-PNCP and post-PNCP groups separately, and statistics are presented in Table 1 . Bivariate analysis included chi-squared tests for dichotomous variables, and for continuous variables, we used the Wilcoxon test for medians, and t-test for means. As in prior cost studies, we used multi-level linear regression to model the effect of the PNCP program's implementation on the total cost outcome variable (Table 2) and address the random effect of yearly variation [34] . The analysis of service type use and cost is presented in Table 3 . SAS v.9.4 was used for all analyses, with significance level set at 0.05.
Results
Descriptive statistics (table 1) The differences in the quartile distributions of PICU LOS pre-and post-implementation, though not statistically significant (p = 0.144), appear to show more patients with higher LOS after PNCP implementation. Lengths of stay in the general ward, or hospital floor, and overall hospital LOS were slightly shorter postimplementation, but again, the differences were not significant (p = 0.549 and 0.908, respectively). We observed slightly lower GCS scores post-PNCP implementation (4.5, vs. 5.1 pre-implementation) suggesting more severe TBI in the post-PNCP group. While small and not clinically meaningful, this change was statistically significant (p = 0.041). There was no statistically significant difference in the mean total cost of care, from pre-to post-implementation of the PNCP program (p = 0.607). Furthermore, there was no significant difference in the distribution of total cost of care (p-value of difference in medians = 0.377). Table 2 presents the results of the Total Cost regression model. After adjusting for the covariates presented in Table 1 (using categorized PICU and floor LOS), PNCP implementation was not significantly associated with total cost of care (e B = 0.933, p = 0.594). Both PICU LOS and hospital floor LOS were significant, with predictably higher costs associated with longer lengths of stay (as measured by quartiles of LOS). Patients with PICU or floor LOS in the 4th quartile were more than twice as costly as those in the 2nd quartile reference group. To evaluate whether the observation excluded on the basis of high cost could be an influential outlier, we ran the model again with it included. There was no change in magnitude, direction, or significance of the model estimates.
Regression model

Subcategory analysis
Hospital cost and utilization data were available for 14 products and services related to sTBI care. Utilization of products and services used in treating sTBI either did not change significantly or increased in the post-PNCP period (Table 3 ). There was a significant reduction in cost per item for six of the fourteen services. The unit costs of three services significantly increased and three remained statistically unchanged. For two services, pre-PNCP utilization and cost data were not available.
Discussion
Although longer LOS in the PICU and on the floor are associated with increased costs, holding all else constant, the PNCP program did not result in increased costs. Previous findings attributed this increase in LOS to increased survival rates -lives previously lost to sTBI were more likely to be saved, but to require more time in the PICU [21] . We surmise that the magnitude of the postimplementation decrease in LOS on the floor was enough to counter the post-implementation increased LOS in the PICU (though neither had statistically significant effects). As expected, supporting care based on the BTF guidelines increased utilization of products and services related to TBI care. As noted in Table 3 , there was an increase in intracranial pressure (ICP) monitoring post-PNCP. We acknowledge that length of ICP monitoring is influenced by increased survival, but importantly, it still represents increased cost to the healthcare system. There was also increased utilization of medications used to treat intracranial hypertension (hyperosmolar therapies, pentobarbital, midazolam and morphine). Fentanyl is also used to treat intracranial hypertension, but utilization did not change. Dexmedetomidine is a sedative used to reduce agitation that may lead to intracranial hypertension, but was not commercially available pre-PNCP. The guidelines also recommend optimizing blood pressure to maintain adequate cerebral perfusion pressure, but do not specify the type of medication used to achieve this goal. While Norepinephrine was introduced post-PNCP, likely reflecting practice preferences, overall there was no change in utilization of medications used to maintain adequate blood pressure (Epinephrine and Dopamine).
The guidelines also recommend avoiding hyperventilation, which requires continuous monitoring of exhaled CO 2 (End Tidal CO 2 monitoring). We found that End Tidal CO 2 monitoring utilization increased post-PNCP, suggesting increased compliance with the guidelines. However, retrospectively, we cannot rule out that this increase was simply a consequence of increased length of mechanical ventilation (data on cost of mechanical ventilation was unavailable for too many pre-PNCP patients, precluding inclusion in our analysis). As is the case of length of ICP monitoring, length of End Tidal CO 2 monitoring in the ICU may also be influenced by survival.
Finally, there was an increase in the utilization of laboratory studies related to sTBI care (for a complete list, see online supplemental Table 4 ). This finding, however, was not statistically significant. (not available)
*p-values below 0.05 indicate service type encountering statistical significance †See Table 4 for details about sTBI-care labs ‡Admission CT per patient mean is <1.0 because some patients receive initial CT from referring hospitals PNCP Pediatric Neurocritical Care Program;
CT computerized tomography;
ICP intracranial pressure; sTBI severe traumatic brain injury data on computed tomography (CT) imaging. While there was no change in utilization of CT scans, reductions in cost per scan resulted in overall lower costs of CT scans per patient. Our results are encouraging for provider organizations that seek to improve outcomes in the wake of economic constraints. Together with the findings of improved patient outcomes by Pineda et al. and others [7, 11, 21] , this analysis supports implementation of the BTF guidelines in clinical practice. Importantly, the PNCP supported this approach to care without requiring creation of a separate service or intensive care unit, making such approach to care easier to reproduce [35] . As the global impact of neurological diagnoses in critically ill children and the approaches to pediatric neurocritical care continue to be better defined [36] [37] [38] [39] cost of implementation will become easier to assess and compare.
A central strength of our study was its pre/post design and use of inflation-adjusted hospital cost data rather than hospital charges. This addressed a key limitation of previous studies that used only hospital charges to approximate the economic effects of BTF guideline implementation [7, 11, [15] [16] [17] . In addition, this is the first research into the utilization changes for specific products and services related to sTBI care after guideline implementation.
This research has limitations. The data were restricted to only the 117 sTBI patients treated at one major academic medical center in the Midwest over 12 years. Actual costs of care also vary greatly between and within different regions of the country, and globally.
To provide some insights into the nature of the cost variations, Table 3 presents the changes in costs per item within the institution over time. It is reasonable to accept these variations in unit cost as reflecting common hospital accounting practice, introduction of new drugs, established drugs coming off-patent, and periodic changes in vendor pricing. However, in combination with utilization changes, unit cost changes can amplify or diminish reductions in total cost per patient or total cost increases (such as increase in both utilization and unit cost for pentobarbital, a medication commonly used to treat patients with sTBI).
Multilevel regression with random effects modeling was adopted to address these variations based on the assumption that the effect of periodic variation is random. Variations in cost are determined by multiple factors including accounting practices for capital equipment and contracts with vendors. Additionally, we assumed that if a service is performed, the hospital always accounts for the cost of that item. However, in our retrospective analysis, it is not possible to identify cases in which zero cost represents lack of utilization versus omission of cost data entry.
Retrospective cohort studies are also limited by changes in clinical practice over time, and it is not possible to control for all factors that may affect both clinical practice and cost. We attempted to mitigate this limitation by incorporating random effects (based on year) into our statistical model, and exploring within-center practice variability and secular trends in this cohort of patients [21] . It is also important to highlight the large amount of between-center variability in severe TBI care -multicenter studies will be needed to broadly address the economic impact of clinical practice [40] [41] [42] .
Our analysis excluded patients with early deaths and a patient who was an outlier (cost over 10 standard deviations from the mean). While this approach facilitates comparison with previous studies and may more accurately reflect adherence to the BTF guidelines [17] , it could also introduce selection bias. Some of these limitations may be addressed in larger, prospective studies; although, even with a larger sample, cautious interpretation is advised.
Finally, the PNCP operating costs (i.e., physician, clinical nurse coordinator, data management and overhead or fixed cost allocations) were not included in this analysis; PNCP resources are not exclusively dedicated to TBI patients, making this cost assignment difficult to quantify or reasonably allocate. There are a number of opportunities for future research in this area. The apparent trade-off between increases in costly PICU days and reductions in less costly general inpatient floor days is ripe for future research. In addition, it would behoove researchers to explore in more detail the directions and magnitudes of cost fluctuations by category of sTBI product and service. Further, a longitudinal study of the cost of care for sTBI patients across the care continuum is needed. Such a study would be able to consider the costs to survivors, families, and society of TBI rehabilitation and disability services. Although longitudinal costs across multiple care providers were beyond the scope of the current study, it is reassuring to see that care based on recommendations from the BTF did not increase the cost of the acute initial hospitalization for these patients. To better understand the extent to which the investment in PNCP care yields cost savings to society, future work is planned to analyze total patient costs over a longer time span, including care after hospital discharge. Incorporating all trauma centers in the state will also enable the comparison of BTF guideline adopters vs. non-adopters.
Conclusions
In a pediatric neurocritical care program (PNCP), the primary drivers of cost are lengths of stay in the PICU and on the hospital floor. This study found that implementation of the PNCP did not have a statistically significant impact on average length of stay, and did not change the total perpatient cost of in-hospital care. Taken together with the results of previous sTBI outcomes research studies, our findings support the position that healthcare managers and clinicians continue to support delivery of guideline-based care for children with sTBI. Significant improvements in patient outcomes can be achieved for little or no increase in the overall cost of inpatient care. 
